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Science Breakthrough of �98



Key Result favoring Accelerating Universe



Effect of Cosmological Constant on
the Fate of the Universe



Cosmological Constant



Fundamental Questions



�Dark Energy�

�Maybe the most fundamentally 
mysterious thing in basic science�

- Frank Wilczek

�This is the biggest embarrassment
in theoretical physics�

- Michael Turner

�Would be number one on
my list of things to figure out�

- Edward Witten

�Right now, not only for cosmology
but for elementary particle theory
this is the bone in the throat�

- Steven Weinberg



Introduction to SNAP

� The SuperNova / Acceleration Probe (SNAP) conceived in March 1999

� SNAP still in embryonic stage
� Recent SAGENAP review (joint DOE/NSF) was successful

� Scientific Assessment Group for Experiments in Non-Accelerator
Physics

�  R&D funding received in June 2000



SNAP Proposal



SNAP: One year sample of 2000 SNe



Purpose of SNAP

For a definitive measurement to provide a pillar of our
cosmological theory requires

� a much larger statistical sample of supernovae
� with much better controlled measurements
� over a much larger range of redshifts

that cannot be obtained with existing or planned facilities.



SNAP Science Topics

Cosmological Parameters, Dark Matter�
� Type Ia supernova calibrated candle
� Type II supernova expanding photosphere
� Weak lensing
� Strong lensing statistics. ΩΩΩΩΛΛΛΛ

� Galaxy clustering, P(k)
� z > 1 clusters and associated lensing
�and Beyond
� GRB optical counterparts: rates, lightcurves, and spectra
� MACHO optical counterparts by propoer motion
� Galaxy populations and morphology to co-added m=32
� Target selection for NGST
� Kuiper belt objects
� Supernova rates, star formation rates
� Supernova phenomenology studies
� Low surface brightness galaxies, luminosity function

Archive data distributed:
deeper than Hubble Deep Field
and 7000 times larger



Control of Systematic Errors

What makes the supernova measurement special?
Control of systematic uncertainties.

However,
for a definitive supernova cosmology measurement�

it is necessary but NOT sufficient to find and study
� more Sne Ia
� farther Sne Ia
because the statistical uncertainty is already within a factor of tow of the

systematic uncertainty.

The most demanding SNAP data requirements are devoted to eliminating and
controlling all systematic uncertainties.



Mission Requirements

� Observe 2000 type 1a Supernova per year
� Quantity:  Field-of-View 1 square degree
� Quality:  2% photometry, 15 angstrom resolution from 350 - 1700 nm
� Distribution:  Ability to detect Supernovae as far away as 10 billion light years

� SNAP design meets these scientific objectives
� Mirror: 2 meter aperture sensitive to light from distant SN
� Camera: 1 billion pixels
� Spectroscopy: 3 arm optical and infrared spectrograph
� Orbit:  high orbit to permit passive cooling, outside radiation belts, close enough

to allow high rate data 50 Mb/s transmission link



Mission Overview

Simple Observatory consists of :

1) 3 mirror telescope w/
separable kinematic mount

2) Baffled Sun Shade w/ body
mounted solar panel and
instrument radiator on
opposing side

3) Instrument Suite

4) Spacecraft bus supporting
telemetry (multiple antennae),
propulsion, instrument
electronics, etc

No moving parts (ex. filter wheels,
shutters), rigid simple structure.



SAGENAP

In summary, the SAGENAP discussions indicate enthusiastic agreement by the panel that
the science goals are on questions of great importance to physics and cosmology.
Further, it was considered that at the present stage in the measurement of the
cosmological parameters, new experimentation is fully warranted and that the SN Ia
technique will continue to play a crucial part. The quality of the document presented
was felt to be impressive, particularly for a project in its early stages. The panel
Members were favorably impressed with the proposers� consideration of the sources
of systematic error and were largely convinced that a fully satellite-based experiment
is likely to be the preferred approach. The panel noted that the requirements for
spectroscopy in space are stringent and the demands on CCD performance and
utilization are severe.  Consequently, a thorough investigation of the technical risks
of this and all other detector systems should be re-evaluated in Phase I�

There was unanimity on SAGENAP that a substantial R&D program is required soon to
insure a successful SNAP experiment. There was also agreement that the entire
project should not be fully endorsed until a more complete R&D program and its
management is presented and reviewed by an appropriate technical group. It was also
widely supported that, if the DOE and NSF decide to conduct such a review,
SAGENAP suggests that interim funds be provided to speed the preparations for a
review and to enable the forward movement of this important experiment...



SNAP Task Breakdown

� Instruments
� Optical Imager
� IR Imager
� Spectroscopy
� Electronics
� Data Handling

� Telescope
� Optics
� Mechanical structure
� Optical Bench
� Integration & Test

� Operations
� Operations Center
� Ground Antenna
� Preparation for Data Handling
� Mission Operations

� Science Team
� Science Requirements
� Data Analysis
� Education and Public Outreach
� Science Working Groups

� Spacecraft
� Mission Integration & Test

� Instrumentation/Telescope
� Scientific Payload/Spacecraft
� Satellite/Launch Vehicle



R&D Activities in 2000

� Demonstration and Validation
� initiate prototyping of CCD�s, and imager
� pursue alternative focal plane options, testbedding facilities

� Mission Requirements and Design Optimization
� refine reference mission and revise mission requirements
� optimization of orbit and environmental design issues
� conduct and document first-order trade studies
� develop integration and test plans
� risk analysis and mitigation
� produce Telescope Assembly draft requirements/specifications

� Project Management
� engineer, define, and establish system acquisition strategy
� develop cost models and cost estimating relationships
� develop integrated schedule
� engineer, define, and establish system acquisition strategy
� establish DOE/NSF, NASA working relationships



Instrumentation Requirements

� Need consistent uniform data set where selection criteria can be applied and
systematic sources can be analyzed and factored.

� Minimum data set criteria:
1) discovery within 2 days of explosion (peak + 3.8 magnitude),
2) 10 high S/N photometry points on lightcurve,
3) lightcurve out to plateau (2.5 magnitude from peak),
4) high quality spectrophotometry at peak,
5) IR spectra.

� How to obtain both data quantity AND data quality?
Batch processing techniques w/ wide field imager -- large multiplex advantage
Mostly preprogrammed observations, fixed fields / spin filter wheel
No Trigger (z < 1.2)
Very simple experiment, passive, almost like accelerator expt.
Well calibrated photometry and spectroscopy



SNAP Instrumentation Suite

Key Instruments:
1) GigaCAM

1 sq. deg FOV
128 3kx3k CCD�s

2) IR Photometer
(small field of view)

3) 3-channel spectrograph
350-600 nm,
550-1000 nm,
900-1700 nm



Optical Photometry Requirements

Field-of-view 1° x 1°
Plate Scale 1 pixel ~ 0.1 arcsec
Pixelization 32k x 32k CCD mosaic
Wavelength coverage 350nm - 1000nm
Detector Type High-Resistivity P-channel CCD�s
Detector Architecture 2k x 2k, or 2k x 4k
Detector Temperature 150 K
Quantum Efficiency 65% 1000nm, 92% 900nm, >85% 400-800nm
Read Noise 4 e- @100kHz
Exposure Time up to 1000 sec (single exposures)
Number of Frames 1 to 24
Dark Current 0.08 e-/min/pixel
Readout Time 20 sec
Limiting Magnitude 30th magnitude in Z-band
Exposure control Mechanical shutter
Filter Wheel 15 bands (U, V, R, I, Z, & 10 special filters)



Fully-Depleted CCD�s



Typical CCD�s



CCD Technology

Photoactive region of standard CCD�s are 10-20 microns thick
Photoactive region of Fully-Depleted CCD�s are 300 microns thick



Portrait Gallery from Lick Observatory
LBNL CCD�s

2k x 2k 2k x 2k

200x200
Lick Obs.
Orion
Left: R band
Rgt: Z band



Cosmic Ray Image

Looks like a cloud chamber track

Few micron accuracy with
Dozens of points per track



Spatial Accuracy

Cut track in half and fit separately, look at track separation of endpoints, indicates σ = 1.2 µm



CCD�s for GigaCam

� New kind of CCD developed at LBNL
� 2k x 2k (4 Megapixels/device) design successful, meets SNAP performance requirements
� Commercialization
� Current in house fabrication

2k x 4k for Eschellette Spectrograph and Imager (Keck)



CCD Status

� In house 2k x 2k (15 µm pixels) design successful, meets SNAP performance requirements
� Commercialization at CCD foundry

2k x 2k (15 µm pixels) successful, in test at Lick
Two separate processing runs (1) �standard�; (2) modified process recipe
Current run of 4� wafers; will be followed immediately by run of 6� wafers

� Current in house fabrication completing now
2k x 4k (15 µm pixels) for Eschellette Spectrograph and Imager (Keck)
~2k x 4k (12 µm pixels)
~2k x 4k (10.5 µm pixels)

� Requires further extensive radiation
testing (already tested at LBNL 88�
cyclotron to 20% of SNAP lifetime
exposure w/o degradation) & large scale
prototyping

� Complete commercialization



GigaCAM

GigaCAM, a one billion pixel array
� Depending on pixel scale approximately 1 billion pixels
� ~128 Large format CCD detectors required
� Looks like the SLD vertex detector in Si area (0.1 - 0.2 m2)
� Larger than SDSS camera, smaller than BaBar Vertex Detector (1 m2)
� Collaboration has lots of experience in building very large silicon detectors and

custom readout electronics including radiation hard integrated circuits (should they
be necessary).



BaBAR Silicon Vertex Detector (~1m2 Si)



Imager Technology



Mosaic Packaging



3kx3k CCD for SNAP



Electronics

GigaCAM Readout looks like high density vertex detector readout with 400 readout
channels (two per CCD)





Electronics

Custom Readout - Correlated Double Sampler
Already in development (UCB/LBNL/Univ. Paris)





IR Photometry Requirements

Field-of-view 10� x 10�
Plate Scale 1 pixel ~ 0.1 arcsec
Wavelength coverage 1000nm - 1700nm
Detector Type HgCdTe (1.7 µm cut-off)
Detector Architecture Mosaic of 2kx2k
Detector Temperature 130K (to achieve dark I)
Read Noise 6 e- (multiple samples)
Dark Current 3 e-/min/pixel
Limiting Magnitude 30th magnitude (AB)
Exposure control Mechanical shutter
Filters J&H, plus five special filters



3-arm Spectrograph Requirements

Spectrograph architecture Integral field spectrograph, two arms
Wavelength coverage 350-600 nm, 550-1000nm
Spatial resolution of  slicer 0.07 arcsec
Field-of-View 2� x 2�
Resolution 15A, 30A, 100A selectable
Detector Type CCD
Detector Architecture 2k x 2k
Detector Array Temperature 150 K
Quantum  Efficiency 65% 1000nm, 92% 900nm, >85% 400-800nm
Read Noise =  4 e- @100kHz
Dark Current 0.08 e-/min/pixel

Optical:

IR:
Spectrograph architecture Integral field spectrograph, one arm
Wavelength coverage 900 to 1700 nm
Spatial resolution of  slicer 0.12 arcsec
Field-of-View 2� x 2�
Resolution 30A, 50A, 200A selectable
Detector Type HgCdTe
Detector Architecture 2k x 2k
Detector Array Temperature 77 - 130 K (to achieve dark I)
Quantum  Efficiency 56%  @ 1000nm
Read Noise =  5 e- (multiple samples)
Dark Current 1  e-/min/pixel



Spectroscopy Technology

� Reflective Image Slicer (e.g. Palomar 200�, NGST IFMOS)



Integral Field Spectrograph for NGST

From LAS-NGST-IFMOS-004
O. Le Fevre, et.al  - Laboratoire

d�Astronomie Spatiale in Marseilles



Integral Field Spectrograph for NGST

From H. Richardson

Solid Block Image Slicer
Very high throughput (90%)



Spectroscopy w/ fibers

MicroLens Array:

From Haynes, astro-ph/9909017



Observatory Requirements

Aperture ~2.0 meter
Field-of-view 1° x 1°
Optical resolution diffraction-limited at 1 µm
Wavelength 350nm - 1700nm
Solar avoidance 70°
Fields of study North and South Ecliptic Poles
Image Stabilization Feedback from Focal Plane
Focal Length 20 meter

Spacecraft is always at near normal incidence to sun



SNAP Optics Requirements

� Photometric accuracy and speed: 2 meter aperture
� Discovery rate: one square degree sky coverage
� CCD sampling & pixel size: 10 microns = 0.1 arcsecond

�  EFL=20 meters,  speed=f/10
� SNR: diffraction limited at one micron wavelength

� First Airy dark ring = 24.4 microns diameter
� CCD Array Fabrication: flat focal surface
� SNR and operational simplicity: achromatic optics
� Photometry: 15 contiguous bandpasses, 0.4 to 1.7 um
� Vehicle constraints:  overall optics length <5 meters



TMA55 Optics Details

� Primary Mirror
� diameter= 2000 mm; hole= 330mm

� Secondary Mirror
� diameter= 424mm

� Tertiary Mirror
� diameter=642mm

� Folding Flat Mirror
� oval, 120mm x 192mm;

� Annular Detector Array
� inner diameter 278mm,  outer diameter 480mm



















Orbit Optimization

• "Prometheus" Orbit Baselined Following Preliminary Trade Study
• Uses Lunar Assist to Achieve a 14 day (19 X 57 Re) Orbit, or 7 day (8 X 40 Re) Orbit

with a Delta III 8930 or Delta IV-M Launch Vehicle
• Good Overall Optimization of Mission Trade-offs
• Low Earth Albedo Provides Multiple Advantages:
• Minimum Thermal Change on Structure Reduces Demand on Attitude Control
• Excellent Coverage from Berkeley Groundstation
• Outside Radiation Belts
• Facilitates Passive Cooling of Detectors
• Minimizes Stray Light in Telescope



Trade-Study

Orbit Radiation Thermal Telemetry Launch Stray Light Rank
HEO/
Prometheus

Very Good Passive Med. BW Fair Dark 1

HEO/
      L2

Very Good Passive Med. BW Fair Dark 2

HEO/
      GEO

Poor Passive 24 hr Fair Dark 3

LEO/
      Equator

Lowest
Dose

Mechanical High BW Fair Earth Shine 4

LEO/
      Polar

High at
Poles

Mechanical High BW Excellent Earth Shine 5

LEO/
      28.5

Lowest
Dose

Mechanical High BW Excellent Earth Shine 6

Feasibility & Trade-Study

Selected Lunar Assist �Prometheus� Orbit
14 day orbit: 19Re Perigee/57Re Apogee
7 day orbit: 8Re Perigee/40Re Apogee



Telemetry

� High northern hemisphere orbit has excellent telemetry: ~50 Mbit/s for 19/57 orbit,
>50 Mbit/s for 8/40 orbit

� 8 Gbit image every 200s � 40 Mbit/s  (2:1 compression, no image stacking required)
� Data content is approx. 1/3 optical images, 1/3 spectroscopy, 1/3 IR photometry



MISSION OPERATIONS

Mission Operations Center (MOC) at Space Sciences Using Berkeley Ground Station
• Fully Automated System Tracks Multiple Spacecraft

Science Operations Center (SOC) at Lawrence Berkeley Laboratory Built Around the
National Energy Research Super Computer (NERSC)

• Multiple Terabytes Data Storage
• High Speed Links to CPU Farms & Supercomputers
• Intensive Processing Done on Supercomputers

Operations are Based on a Four Day Period
• Autonomous Operation of the Spacecraft
• Coincident Science Operations Center Review of Data with Build of Target List
• Upload Instrument Configuration for Next Period



SNAP Ground Data System



Preliminary Schedule



SNAP Organization Chart

Collaboration Executive
Board

Project Technical
Committee

Project Advisory
Council

Quality, Reliability & Safety Project Office

System's Engineering Office
E. Kujawski

Optical Imager
Subsystem

IR Imager
Subsystem

Spectrograph
Subsystem

Electronics
Subsystem

Data Handling
Subsystem

Instrumentation Sys. Mgr
C. Bebek (LBNL)

Optics Subsystem

Structure Subsystem

Optical Bench
Subsystem

Integration & Test

Telescope Sys Mgr
M. Lampton (UCB/SSL)

Ops Center
Development

Ground Antenna
 Development

Preparation for
Data Handling

Mission Operations
 Planning

Ops & Ops Center Mgr
M. Bester (/UCBSSL)

Science Requirements
Development

Data Analysis

Educ. & Public Outreach
S. Deustua (LBNL)

Type Ia
S. Perlmutter (LBNL)
G. Aldering (LBNL)

Type II
P. Nugent (LBNL)

Grav. Weak Lansing
R. Ellis (Cal Tech)

Science Working
Groups

Science Team Mgr
S. Perlmutter (LBNL)

Spacecraft Mgr
H. Heetderks (UCB/SSL)

Instrumentation/
Telescope I&T

Scientific Payload/
Spacecraft I&T

Satellite/
Launch Veh. I&T

Mission Integration & Test

S. Perlmutter (LBNL) Proj Scientist/PI
M. Levy (LBNL) Proj Director/Co-PI

P. Harvey (SSL)Proj Manager



Public Interest

The recent high redshift supernova results
of the accelerating universe have fired the public�s imagination

High public interest
in astronomy and

cosmology



Summary

� Science Breakthrough of 1998

� Accelerating Universe / �Dark Energy� scientific impetus

� SNAP Project Setup
� Working with Multiple Agencies (DOE, NSF, NASA)
� Working with Multiple Collaborating Institutions

� Study Proposal presented to SAGENAP in March.
� Very positive report

� Engineering work on SNAP is ramping up to establish costs and trade-offs

� Development of collaboration

� Development of key technology R&D


